In eukaryotic cells, Rev7 interacts with Rev3 and functions as a regulatory subunit of Polf, a translesion DNA synthesis (TLS) polymerase. In addition to its role in TLS, mammalian Rev7, also known as Mad2B/Mad2L2, participates in multiple cellular activities including cell cycle progression and double-strand break repair through its interaction with several proteins. Here we show that in mammalian cells, Rev7 undergoes ubiquitin/proteasomemediated degradation upon UV irradiation in a time-dependent manner. We identified the Rev7 N-terminal destruction box as the degron and Cul4A/B as putative E3 ligases in this process. We also show that the nucleotide excision repair (NER) pathway protein HR23B physically interacts and colocalizes with Rev7 in the nuclear foci after UV irradiation and protects Rev7 from accelerated degradation. Furthermore, a similar Rev7 degradation profile was observed in cells treated with the UV-mimetic agent 4-nitroquinoline 1-oxide but not with cisplatin or camptothecin, suggesting a role of the NER pathway protein(s) in UV-induced Rev7 degradation. These data and the observation that cells deficient in Rev7 are sensitized to UV irradiation while excessive Rev7 protects cells from UV-induced DNA damage provide a new insight into the potential interplay between TLS and NER.
Introduction
Historically, ultraviolet (UV) irradiation has been the best studied and most extensively used model system for exploring the biological consequences of DNA damage, its repair, and tolerance [1] . Nucleotide excision repair (NER) is found in all living organisms and is considered the most versatile in the repair of DNA damage because it not only repairs major lesions produced by UV irradiation such as cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidine (6-4) photoproducts (6-4 PPs) but also removes many bulky adducts produced by chemical compounds that distort the DNA double helix structure [2] . Genetic defects in the NER pathway lead to several human rare autosomal recessive disorders including xeroderma pigmentosum (XP), trichothiodystrophy (TTD), and Cockayne's syndrome (CS), in which XP patients are predisposed to UV-induced skin cancer [1] .
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Another highly conserved mechanism of DNA damage tolerance in eukaryotes is translesion DNA synthesis (TLS), in which replication-blocking lesions are not removed but instead bypassed to avoid the deleterious consequence of a blocked replication fork [3] . TLS is mainly achieved by a group of specialized Y-family TLS polymerases including Polg, Polj, Polι, and Rev1 [4] . While Polg bypasses UV-induced CPDs in an errorfree manner [5] , most other Y-family polymerases have relatively low fidelity in DNA synthesis [6] . In addition, Y-family polymerases are distributive in DNA synthesis and are believed to fall off the replication fork after adding one or two nucleotides across from the lesion. It requires a B-family polymerase to extend and complete the TLS process [7] . Polymerase II in Escherichia coli is thought to be such a TLS polymerase [8] , whereas all eukaryotes contain the specialized B-family TLS polymerase Polf [9] . Polf, which is composed of a catalytic subunit Rev3 and a regulatory subunit Rev7, synthesizes across a CPD lesion more efficiently than replicative DNA polymerases [10] , and more importantly is capable of extension after Y-family polymerases insert nucleotides across from the lesion [7, [11] [12] [13] [14] . In vivo studies indicate that after UV irradiation, Polg and Rev1 are independently recruited to the damage site, and Rev1 but not Polg is required for the recruitment of Rev3 [15] . Although how Rev7 is assembled into the damage site and its role in the Rev3 recruitment is unclear at present; however, based on the protein interaction data [16] , it is believed that Rev7 forms a dimer; one binds to the Rev1 C terminus [17] and another to Rev3. Hence, Rev7 must play a critical role in TLS in response to UV damage [18] .
In addition to its role in TLS, mammalian Rev7 has other function(s) independent of Rev3 and outside TLS [19, 20] . Because of its sequence homology with the mitotic spindle assembly checkpoint protein Mad2 [21] , mammalian Rev7 is also known as Mad2B/Mad2L2, and has been related to mitotic checkpoint [22, 23] . It also physically interacts with proteins required for mitosis, such as RAN and CLTA [24] [25] [26] . Additionally, the distinct subcellular distribution patterns of Rev3 and Rev7 during G2/M phase in mitotic cells [27] and further characterization of roles of Rev7 during G2/M phase suggests a Rev3-and checkpoint-independent role for Rev7 during mitosis [28] . Furthermore, Rev7 has been recently reported to inhibit double-strand break resection for homologous recombination [29, 30] .
During an attempt to address the TLS-dependent and TLS-independent roles of Rev7 in mammalian cells, we surprisingly observed UV-induced Rev7 degradation via the proteasome pathway. As treatment of cells with a UV-mimetic agent 4-nitroquinoline 1-oxide (4NQO) also induces Rev7 degradation, while treatment with cisplatin or camptothecin (CPT), whose damage is not primarily repaired by NER, does not cause Rev7 degradation, we suspected that the Rev7 stability is coordinated by NER in response to UV irradiation. Indeed, it was found that HR23B physically interacts with and protects Rev7 from premature degradation, whereas Cul4 is required for UV-induced Rev7 degradation. As NER is considered to repair UV damage in an error-free manner while Polf is thought to promote error-prone lesion bypass, findings in this report may shed light on the interplay of different UV damage-responsible pathways.
Results

UV irradiation induces Rev7 degradation by 26S proteasome
To understand the kinetics of Rev7 stability after UV irradiation, cultured human cells were treated with 10 JÁm À2 UV and the protein samples collected at different time points postirradiation were subjected to western blot analysis. In HCT116 colon cancer cells, 1 h after UV irradiation, the Rev7 level started to decrease and reached the lowest level by 6 h postirradiation, after which its level began to recover and returned to normal 12 h postirradiation (Fig. 1A,C) . When cells were subjected to a similar UV treatment in the presence of the 26S proteasome inhibitor MG132, Rev7 levels remained stable throughout the experiment (Fig. 1B,C) , indicating that UV-dependent Rev7 degradation is mediated by the proteasomal pathway. Similarly, endogenous Rev7 in NF1604 lung fibroblast cells decreased progressively with time starting as early as 30 min and reached maximum loss at 8 h post irradiation, with more than 90% reduction (Fig. 1D,E) , indicating that UV-induced Rev7 degradation is a general phenomenon in mammalian cells. In order to rule out any nonspecific affect, V5-tagged human REV7 gene was transiently overexpressed in HCT116 cells and subjected to a similar treatment. As shown in Fig. 1F , majority of ectopically produced Rev7-V5 was degraded 6 h post UV irradiation while it was stabilized in the presence of MG132. Under the same experimental conditions, the REV7 transcript level remained constant (data not shown), further supporting the post-translational regulation of Rev7.
UV-induced Rev7 degradation is independent of PCNA
Because several proteins involved in DNA repair undergo UV-induced degradation in a PCNA-dependent manner [31] [32] [33] [34] and the recruitment of Rev7 to the damage site appears to depend on monoubiquitinated PCNA [4, 35] , we asked whether PCNA and its damage-induced post-translational modifications are required for Rev7 degradation. Surprisingly, experimental depletion of PCNA did not affect UV-induced Rev7 degradation in HCT116 ( Fig. 2A) , NF1604, or HeLa cells (data not shown).
We also asked if loss of Rev7 has any effect on PCNA ubiquitination. As shown in Fig. 2B , depletion of Rev7 does not affect the levels of PCNA ubiquitination regardless of UV treatment. Together, these data allow us to conclude that Rev7 undergoes UV-induced degradation in a time-dependent manner and that this process is independent of PCNA signaling.
The Rev7 N-terminal destruction box serves as a degron
Rev7 in higher eukaryotes contains a putative destruction box (D-box) motif (RxxL, where 'x' can be any amino acid) at its N terminus, which is apparently absent in budding yeast (Fig. 3A) . As the D-box motif is often involved in the degradation of proteins like cyclins [36] , we wondered if this motif also serves a role of degron in Rev7. To test this hypothesis, we generated V5-tagged Rev7 D-box mutant (Rev7 Dm -V5) by mutagenizing the conserved Arg6 and Leu9 residues to alanine (R6A, L9A). After overexpressing Rev7-V5 and Rev7
Dm -V5 in HCT116 cells (Fig. 3B) , their protein stability after 6 h post UV irradiation was examined through western blotting. As expected the wild-type Rev7-V5 level was reduced drastically after UV exposure, whereas Rev7 Dm -V5 was barely affected (Fig. 3C) , suggesting that this D-box motif plays a critical role in UV-induced Rev7 degradation.
Degradation of Rev7 via 26S proteasome requires its polyubiquitination. To detect such intermediates, cell extracts from Flag-Rev7 and HA-Ub cotransfected 293T cells were subjected to immunoprecipitation by the Flag beads and then probed against both anti-Flag and anti-HA antibodies. It was revealed that while total cellular HA-Ub levels remain relatively constant before and after UV treatment, ubiquitinated Rev7 was increased after UV irradiation (Fig. 3D ), confirming that UV-induced Rev7 degradation occurs in a 26S proteasome-dependent manner. Furthermore, if the Flag-Rev7 carries a D-box mutation, its polyubiquitination was reduced (Fig. 3D ) to a level comparable to that of cells without UV treatment (cf. Fig. 3D ,E).
HR23B interacts with and stabilizes Rev7 upon UV damage
To search for factor(s) involved in UV-induced Rev7 degradation, we performed a co-IP experiment followed by mass spectrometry analysis. Among putative proteins identified, HR23B (data not shown) caught our attention, as it plays an important role in UV-induced NER by increasing the efficiency of damage sensor protein XPC [37] . XPC is one of the eight XP complementation group proteins and is known to undergo ubiquitinationdependent proteasomal degradation. However, it is believed that the HR23B-XPC association during the repair process stabilizes lesion-bound XPC by preventing its premature degradation [38, 39] . As Rev7 also undergoes polyubiquitination and proteasomaldependent degradation upon UV irradiation, we tested a hypothesis that HR23B binds Rev7 to protect it from early degradation. To ask whether Rev7 indeed interacts with HR23B, we performed the co-IP assay using 293T cells cotransfected with plasmids expressing GFPtagged HR23B and Flag-Rev7, or corresponding control plasmids. Positive signals were observed in both co-IP orientations (Fig. 4A,B) , consistent with HR23B-Rev7 interaction. Unexpectedly, this signal was not enhanced upon UV treatment (data not shown), perhaps because of the technical difficulty in pulling down lesion-bound HR23B-Rev7 complex. To address whether both proteins can be recruited to the UVinduced DNA damage sites, we performed double immunostaining with mouse anti-hRev7 and sheep anti-HR23B antibodies in HCT116 cells 2 h after UV irradiation. As shown in Fig. 4C , both Rev7 and HR23B formed nuclear foci only after UV treatment and their foci colocalized, indicating their association at UVinduced damage sites.
To address the physiological relevance of the HR23B-Rev7 interaction, we examined the effect of HR23B depletion on Rev7 stability under both UVtreated and untreated conditions. A stable HCT116 cell line was generated using a lentiviral system, in which HR23B was effectively depleted (Fig. 5A) . The observation that HR23B depletion alone slightly analysis of relative Rev7 levels as shown in (D) using actin as an internal reference. The values in (E) are presented as mean AE standard deviation from three independent experiments. Two-tailed Student's t-test was used to calculate the significance value. **P < 0.01; ***P < 0.001.
reduced Rev7 protein levels in both untreated and UV-irradiated HCT116 cells led us to speculate that HR23A, a cellular variant of HR23B, may backup the function of HR23B. Indeed, like HR23B, transient depletion of HR23A alone by a siRNA (Fig. 5B ) also accelerated UV-induced Rev7 degradation by approximately 20% compared to control cells, whereas simultaneous depletion of both HR23A and HR23B displayed an additive effect in promoting UV-induced Rev7 degradation (accelerated by 46%), and the effect is statistically significant (Fig. 4D,E) . As the assay was performed 2 h post UV irradiation when control cells just began to show moderate reduction in Rev7 levels, we conclude that HR23 is essential to protect Rev7 from an early degradation in UV-irradiated cells.
Cul4 is responsible for the UV-induced Rev7 degradation
As our co-IP and available database analysis did not come out with a candidate responsible for the UVinduced Rev7 degradation, we took a targeted approach in an attempt to identify the cognate E3 for this process. Considering that the APC/C Cdc20 complex has recently been shown to cause Rev7 ubiquitination and degradation via its D-box motif when cells progress from metaphase to anaphase [22] , we transiently depleted Cdc20 or Fzr1 (Cdh1), the two APC/C activators, or Cdc27, one of the eight subunits of the APC/C complex ( Fig. 5C-E) to examine the role of APC/C in UV-induced Rev7 degradation. As shown in Fig. 5G and H, none of the above targeted depletions reversed Rev7 degradation upon UV irradiation, suggesting that APC/C is not involved in the UV-induced Rev7 degradation.
During DNA damage repair especially in NER, Cul4-based E3 ligases play an important role through ubiquitination of several DNA repair proteins, a posttranslational modification deemed to be essential for the repair process [40] [41] [42] . To ask whether Cul4-based E3 ligase has a role in Rev7 degradation, we transiently depleted Cul4A and/or Cul4B using siRNAs (Fig. 5F) , and subjected the cells to UV irradiation. As shown in Fig. 5I ,J, depletion of Cul4A alone had no obvious effect on Rev7 stability; however, depletion of Cul4B alone clearly increased the Rev7 stability and more importantly, simultaneous depletion of both Cul4A and Cul4B appeared to have a stronger effect than that of Cul4B alone. These observations suggest that Cul4B plays a critical role in UV-induced and ubiquitination-mediated Rev7 degradation and that in the absence of Cul4B, Cul4A can also play a backup role, although one cannot rule out a possibility that both Cul4A and Cul4B play equal roles in Rev7 degradation but their cellular abundance and differential depletion resulted in the observed experimental variation. We suspect that the partial stabilization of Rev7 even after both Cul4A and Cul4B depletion was due to the incomplete depletion of target proteins (Fig. 5F ).
Rev7 degradation is specific to DNA damage primarily repaired by NER Considering the fact that both HR23 and Cul4 are involved in NER, one prediction from the above observations is that DNA-damage-induced Rev7 degradation is not limited to UV irradiation, but specific to lesions repaired by NER. To test this hypothesis, we treated HCT116 cells with several representative DNAdamaging agents and monitored Rev7 degradation as well as PCNA ubiquitination as an indicator of DNA damage. 4NQO is a well-known UV-mimetic agent because it induces bulky lesions which cause double helix distortion and are primarily repaired by NER [1] . Indeed, 4NQO induced Rev7 degradation in both dose- (Fig. 6A) and time-(Fig. 6B ) dependent manners. In contrast, HCT116 cells treated with cisplatin (Fig. 6C) , a DNA crosslinking agent, and camptothecin (CPT, Fig. 6D ), a topoisomerase I inhibitor that produces double-strand breaks, did not appear to induce Rev7 degradation. As PCNA was clearly monoubiquitinated by treatment with the above three DNA-damaging agents but the resulting lesions are primarily repaired by different pathways [1] , we speculate that it is not the DNA damage per se, but the activation of the NER pathway that results in Rev7 degradation. This speculation is subjected to challenge as NER is involved in the repair of cisplatin-induced DNA damage, although in this cases several DNA repair pathways including the Fanconi anemia repair complex, homologous recombination repair, TLS polymerases, and some structuralspecific endonucleases are also required [1, 43] .
Correlation of cellular Rev7 levels with UV damage tolerance
To further address the physiological relevance of UVinduced Rev7 degradation, we asked whether the Rev7 level directly influences cellular sensitivity to UV damage. To this end, we created stable HCT116 cell lines either depleted for Rev7 (Rev7-KD) or expressing excessive Rev7 (Rev7-OE). We adapted a replication protein A (RPA) nuclear focus assay [44, 45] previously used to monitor cellular TLS activity because this assay is compatible with the dose range and time scale of the current work. RPA binds to the single-stranded DNA generated during replication as well as during the damage repair process to prevent self-complementation [46] . Cells containing RPA nuclear foci after UV irradiation indicate ineffective DNA synthesis particularly TLS [44, 45] . As shown in Fig. 7A , the Rev7 protein level in a representative Rev7-KD line is about 10% of the vector-transfected control while the representative Rev7-OE line is about four times the control, which is deemed to be physiologically relevant, as UV irradiation reduced the cellular Rev7 level to about 10-20% of untreated cells (Fig. 1A-E) . While the control HCT116 cells displayed a characteristic dose-response to UV in percentage of cells with RPA32 nuclear foci as previously reported [44] , depletion of Rev7 increased the percentage of cells displaying RPA32 nuclear foci, whereas overexpression of Rev7 drastically reduced the number of cells with RPA32 nuclear foci (Fig. 7B,C) . Consistent with the RPA assay, it was also found that Rev7 depletion sensitized HCT116 cells to UV damage, while overexpression of Rev7 conferred tolerance to UV damage in comparison to control cells (Fig. 7D ). These observations collectively support a notion that Rev7 is a limiting factor and its protein level directly correlates to the capacity of cellular response to UV-induced DNA damage.
Discussion
When a replication fork encounters a replicationblocking lesion, PCNA is either mono-or polyubiquitinated, thereby initiating DNA damage tolerance pathways [35, 47] . Monoubiquitinated PCNA enhances its affinity for and recruits Y-family polymerases to initiate TLS [48] , which serves to regulate the access of TLS polymerases to the damage site. As Rev1 is absolutely required for the subsequent recruitment of Rev3 to the UV-induced damage site [15] , it is conceivable that Rev7 is also regulated in a similar manner to ensure restricted access of Polf to the damage site and prevent unnecessary mutagenesis. While this role of Rev7 is apparently PCNA-dependent, it was to our surprise that the observed UV-induced Rev7 degradation is independent of PCNA, indicating yet an additional means of TLS regulation. In this study, we attempted to unravel the underlying mechanism behind this regulation and to understand the physiological relevance of the regulated Rev7 levels. Several observations led us to believe that the NER pathway components are involved in the regulation of UVinduced Rev7 degradation. Firstly, Rev7 is only degraded upon UV irradiation or treatment with the UV-mimetic agent 4NQO, but not after treatment with cisplatin or CPT whose lesions are not primarily repaired by NER. Secondly, the well-characterized NER factor HR23B colocalizes with Rev7 in UVinduced nuclear foci, indicating that the two proteins are recruited to the same damage site. Thirdly, HR23B and Rev7 physically interact and experimental depletion of HR23A/B accelerates UV-induced Rev7 degradation, indicating that HR23A/B protects Rev7 from degradation in the early repair stage. Finally, depletion of Cul4B or Cul4A/B resulted in the partial stabilization of Rev7 after UV damage, suggesting that Cul4 is the cognate E3 of Rev7 and that Cul4A and Cul4B play redundant roles in such a process. The above Rev7 regulation is reminiscent of XPC, a lesion sensor in the core NER pathway [38, 40, 49] . However, in contrast to XPC, which is unstable even in the absence of DNA damage in HR23A/B null cells [38] , the Rev7 level remains steady in undamaged cells after HR23A/ B depletion, which may reflect the differential affinity between XPC and Rev7 for HR23. Another intriguing similarity between XPC and Rev7 is that both proteins are ubiquitinated by Cul4 after UV damage. During NER, Cul4-based E3 ligase accumulates at the damage site, thereby initiating ubiquitination of several proteins including XPC [40, 41, 49] , a process considered to be essential for proper damage repair [39] . Interestingly, Cul4-based E3 ligase also appears to be involved in Rev7 ubiquitination. Indeed in several cases, Cul4A works in cooperation with Cul4B to target proteins for degradation [50] [51] [52] . Although it has been reported that a Cul4-based E3 ligase (CRL4 Cdt2 ) initiates TLS by mediating monoubiquitination of PCNA at K164 independently of Rad18 and DNA damage [53] , it is highly unlikely that Rev7 ubiquitination and subsequent degradation upon UV irradiation is part of this process because this mode of TLS is damage-independent and our experimental depletion of PCNA did not interfere with Rev7 degradation. In this study, we also effectively ruled out the involvement of APC/C in UV-induced Rev7 degradation although it has been reported to play a role in Rev7 ubiquitination during unperturbed cell cycle progression [22] . Nevertheless, we cannot rule out a possibility that Cul4-based E3 ligase plays an indirect role in UVinduced Rev7 degradation particularly given the fact that Cul4-based E3 ligase has not been previously reported to ubiquitinate a target protein via its D-box motif.
What is the physiological relevance of regulated Rev7 degradation in response to UV irradiation? Although lacking direct evidence, it is conceivable that Rev7 is recruited to the damage site by monoubiquitinated PCNA and Rev1, and in return is responsible for the recruitment of Rev3. However, compared with NER and Polg, Polf is not a preferred TLS polymerase due to its mutagenic potential. As depletion of Rev7 enhances UV sensitivity and Rev7 overexpression results in UV damage tolerance, the cellular Rev7 level is a limiting factor and its availability may serve to regulate overall cellular tolerance to UV-induced DNA damage. One can entertain one of two scenarios in such a regulation. Firstly, Rev7 stability may be regulated by the NER efficiency of repair. Upon UV irradiation, NER is a preferred repair pathway, and the XPC-HR23 activity at the damage site counterbalances TLS by Polf due to lack of free HR23 molecules. Alternatively, if the NER apparatus is not available in cases such as a stalled replication fork, sequential TLS by Polg and Rev1-Polf may result in relatively errorfree bypass. In either case, the ssDNA gap is filled and Rev7 is subsequently degraded by Cul4 to prevent mutagenic DNA synthesis. Secondly, Rev7 may be involved in NER in a PCNA-and TLS-independent manner, and hence is coregulated with other NER proteins like XPC by NER regulatory factors such as HR23 and Cul4. This scenario is reminiscent of the reported involvement of Polj in NER [54] , although we do not know at this point how it could be achieved. Nevertheless, it is of great interest to note in a previous study [44] that after treatment with a comparable dose of UV, the percentage of RPA-positive cells peaks at 2 h and begins to decline after 6 h, which is coincident with Rev7 stability. In summary, this report reveals a potential interplay between key components of NER and TLS through regulation of Rev7 stability upon UV irradiation. Future investigations are required to understand the underlying mechanism(s) of such regulation.
Materials and methods
Cell culture and treatment
Cell cultures were maintained in DMEM (Sigma-Aldrich, St. Louis, MO, USA) medium containing 15 mM HEPES (Sigma-Aldrich), 25 mM NaHCO 3 (Sigma-Aldrich), 1x antibiotic/antimycotic (Gibco, ThermoFisher Scientific, MA, USA), and 10% FBS (Gibco, ThermoFisher Scientific) at 37°C in a 5% CO 2 incubator. Tet-on HR23B-HeLa cells were maintained in 100 ngÁmL À1 Zeocin (Invitrogen, Carlsbad, CA, USA) and treated with 2 lgÁmL À1 doxycyclin (Sigma-Aldrich) to induce HR23B expression. To induce DNA damage, cells cultured either on cover slips to perform immunocytochemistry or in 10-or 60-mm dishes were first rinsed with phosphate-buffered saline (PBS) and then equal volumes of fresh PBS were added to maintain a thin layer of PBS on top of the cells followed by 254-nm UV irradiation at given doses using a Stratalinker Ò UV Crosslinker (Stratagene, San Diego, CA, USA). PBS was replaced with fresh medium following treatment, and cells were returned to the incubator for given time points.
Plasmid construction
The hREV7 open reading frame was PCR amplified from a previously cloned pCDNA6-Rev7 vector [18] using primer pair hRev7-1 5 0 -CCCGAATTCATGACCACGCTCACAC GAC-3 0 , and hRev7-2 5 0 -GGGCTCGAGGCTGCCTTTAT GAGCGCGC-3 0 to generate an EcoRI-XhoI amplicon. The D-box mutant Rev7 EcoRI-XhoI amplicon was generated by using the modified forward primer hRev7-3 5 0 -CCCGAATT CATGACCACGCTCACAGCACAAGACGCCAACTTTG GCC-3 0 , with point mutations as underlined to make R6A
and L9A substitutions, and the hRev7-2 reverse primer. The inserted restriction sites are italicized. The amplicons were cloned into pcDNA6 as an EcoRI-XhoI fragment to generate V5-tagged pcDNA6-Rev7-V5 and pcDNA6-Rev7
Dm -V5 plasmids. The REV7 ORF was subcloned as a HindIII-KpnI fragment into the vector of 3*Flag-CMV-10 to express FlagRev7, and the Flag-Rev7
Dm derivative was created by PCRmediated site-specific mutagenesis using primers: Rev7 
Gene silencing and overexpression
Transient gene knockdown was achieved by following a previously described protocol [27] . and selected clones were maintained in 100 lgÁmL À1 Zeocin.
Tet-On HR23B-expressing stable cells were generated by transfecting pcDNA5.0/TO-HR23B plasmid DNA into HeLa cells followed by selection with 500 lgÁmL À1 Zeocin. The selected clones were maintained in 100 lgÁmL À1 Zeocin medium. The efficacy of gene knockdown and overexpression was assessed through western blotting as described.
Real-time RT-PCR
RNA extraction, cDNA preparation, and qRT-PCR were performed as described previously [27] . , and panels were compiled using Photoshop V9 (Adobe, San Jose, CA, USA). Samples for comparison in each panel were always included in the same experiment and treated identically. The RPA32 nuclear focus assay and cell survival assay were performed as previously described [44] .
Immunoprecipitation
293T cells were transfected with either empty vector or Flag-CMV-10-Rev7 along with peGFP-HR23B using Lipofectamine 2000 (Invitrogen) following the manufacture's protocol. After 48 h, cultured cell extracts were prepared in a radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris/ HCl pH 7.4, 150 mM NaCl, 2 mM ethylenediaminetetraacetic acid, 1% NP-40, 0.05% SDS, 29 protease inhibitor cocktail, and 1 mM PMSF). After centrifugation, 500 lg protein was precleared with Protein G Sepharose beads (Sigma-Aldrich, P3296) for 1 h at 4°C on a rocker. The supernatant was collected and incubated with anti-GFP beads (ChromoTek, gta-20) or anti-Flag beads Flag-M2 (Sigma-Aldrich, F2426) overnight at 4°C. Next day, the beads were then spun down and washed with RIPA buffer three times for 5 min each. After the final wash and centrifugation, 20 lL of 29 SDS loading buffer was added and the samples were boiled for 10 min. After heat denaturation, 20 lL of the supernatant was resolved on a 10% SDS/PAGE gel followed by western blotting.
To detect polyubiquitinated Rev7, cultured 293T cells were transiently cotransfected with Flag-tagged Rev7 or Flag-tagged Rev7
Dm along with HA-tagged Ub. Fortyeight hours after transfection, cells were irradiated with 10 JÁm À2 UV and cultured continuously for another 4 h in the presence of 40 nM MG132, followed by cell lysis and immunoprecipitation with Flag-M2 beads, while anti-Flag (Sigma-Aldrich, F1804) and anti-HA (Bethyl, A190-208A) antibodies were used for western blotting.
Western blotting
Protein extracts prepared in the RIPA buffer were resolved on an SDS/PAGE gel and transferred onto a polyvinylidene fluoride (PVDF) membrane. Blots were incubated with selected primary antibodies in 5% blocking buffer overnight at 4°C followed by incubation with HRP-conjugated secondary antibody for 1 h at room temperature. Immunoreactivity was detected using HRP-conjugated secondary antibody (1 : 10 000, goat anti-mouse Upstate 12-349) and developed using Western Lightning TM Chemiluminescence Reagent Plus (Perkin Elmer NEL104, Waltham, MA, USA). The following primary antibodies were used: mouse anti-Rev7 (1 : 3000); sheep anti-HR23B (1 : 1000); rabbit anti-Cdc27 (1 : 2000, Epitomics 5816-1); mouse anti-PCNA (1 : 5000, clone Ab-1, Calbiochem, San Diego, CA, USA); mouse anti-V5 (1 : 5000), mouse anti-Actin (1 : 10 000, Sigma-Aldrich, A3858), and rabbit anti-GAPDH (1 : 5000, Santa Cruz Sc-25778). Immunoblots were quantitated using the IMAGEJ program (http://rsb.info.nih.gov/ij/index.html).
Statistical analysis
GraphPad Prism V4, www.graphpad.com/prism software was used for plotting graphs and calculating P-values. The two-tailed student's t-test was used to calculate the significance value. A P-value of < 0.05 was considered statistically significant.
